Introduction
Worldwide, the prevalence of ESRD is increasing rapidly (1) . Although kidney transplantation is the preferred treatment for patients with ESRD, successful transplantation is still associated with substantially elevated morbidity and mortality (2, 3) . Many renal transplant recipients (RTRs) have metabolic acidosis (4, 5) , which may adversely affect cardiometabolic processes, including BP and insulin resistance, as well as proper functioning of multiple tissues (4, 6, 7) . Therefore, it is important to identify modifiable determinants of metabolic acidosis that might help improve acid-base homeostasis in RTRs.
Diet can influence acid-base balance in humans (8) (9) (10) . Potassium salts of anions that can be metabolized, such as citrate, have an alkalinizing effect, whereas acid load originates from such precursors as cationic amino acids and organic acids. Accordingly, fruits and vegetables contribute to base load, whereas animal protein adds to acid load. The contemporary western diet, including large amounts of animal products, generates an acid load that is not compensated for by the shortage of fruit and vegetable and can subsequently lead to increasing but unnoticed metabolic acidosis (11) .
The kidney plays an important role in acid-base homeostasis by excreting the excess of acids ingested. In general, persons consuming diets high in acid load have higher urinary acid excretion than persons eating diets rich in alkalinizing foods (12) . In RTRs, however, the capacity to excrete acid is decreased because of impaired renal function. Therefore, it is hypothesized that dietary modifications could improve acid-base homeostasis in RTRs. Although post-transplant acidosis has been studied before (4, 5) , to our knowledge no studies have assessed the role of nutrition in acidosis in RTRs.
We therefore examined whether net acid excretion (NAE), reflecting metabolic acid load, was related to acidosis in a large RTR cohort. Second, we studied the association of NAE with cardiovascular risk factors, such as insulin resistance and high BP. We also aimed to identify dietary factors contributing to NAE in RTRs in order to provide tools for lowering acidosis in this population.
Materials and Methods

Design and Study Population
We conducted cross-sectional analyses in a large, single-center RTR cohort. We invited all adult RTRs (age ≥ 18 years) with a functioning graft for at least 1 year who visited our outpatient clinic between 2008 and 2011. All RTRs underwent transplantation in our center, had sufficient knowledge of the Dutch language, and had no history of drug or alcohol addiction, as reported in their patient files. Patients with overt congestive heart failure and patients diagnosed with cancer other than cured skin cancer were not considered eligible for the study. In patients with fever or other signs of infection (e.g., urinary or upper respiratory tract infection), visits were postponed until symptoms had resolved. Of 817 initially invited http://www.ncbi.nlm.nih.gov/pmc/articles/PMC3488949/?report=printable RTRs, 707 (87%) provided written informed consent to participate. All but 3 were white. For analyses of dietary intake, we excluded all patients with missing dietary data, resulting in 625 RTRs for analyses. RTRs with complete data and those with missing data were similar regarding age, sex, body composition, estimated GFR (eGFR), and medication use. Of RTRs who did not consent, we recorded only age, sex, body composition, and eGFR. Compared with participating RTRs, those who did not consent were slightly older (mean age ± SD, 58±13 versus 53±13 years in both other groups) and had lower eGFR (47±19 ml/min per 1.73 m versus 51±21 and 53±20 ml/min per 1.73 m for the RTRs with missing and complete data, respectively). The institutional review board approved the study protocol (METc 2008/186), which adhered to principles of the Declaration of Helsinki.
Assessment of Metabolic Acid Load
RTRs were instructed to collect a 24-hour urine sample according to strict protocol on the day before their visit to the outpatient clinic. Urine was collected under oil, and chlorhexidine was added as an antiseptic agent. After completion, electrolytes (chloride, potassium, sodium, calcium, and phosphate) were directly analyzed according to standard laboratory procedures. Urine pH and titratable acid (TA) were measured with an automated titrator (855 Robotic Titrosampler; Metrohm, Herisau, Switzerland). Directly after collection, additional urine samples were stored at −80°C and kept deeply refrigerated for a maximum of 2 years. Ammonium (NH ) and bicarbonate (HCO ) were measured via chromatography in freshly thawed 24-hour urine samples (Alliance HT 2795, Waters, Milford, MA; type 861, Metrohm, respectively). Stability of both variables over repeated freeze-thaw cycles was analyzed in advance of the study; differences after thawing compared with the original mean values were insignificant. NAE, the gold standard for measuring metabolic acid load, was calculated in the conventional manner as TA + NH − HCO (13) .
Assessment of Diet and Acid Load
Diet was assessed using a semi-quantitative food-frequency questionnaire (FFQ) inquiring about intake of 177 items during the last month, taking seasonal variations into account. The FFQ was developed at Wageningen University (14) and has been updated several times. For the present study, the FFQ was slightly modified for accurate assessment of protein intake, including types and sources of protein. For each item, the frequency was recorded in times per day, week, or month. The number of servings was expressed in natural units (e.g., slice of bread or apple) or household measures (e.g., cup or spoon). The questionnaire was self-administered and filled out at home. All FFQs were checked for completeness by a trained researcher, and inconsistent answers were verified with the patients. Dietary data were converted into daily nutrient intake using the Dutch Food Composition Table of 2006 (15) . The validity of the FFQ in RTRs was checked by comparing the estimated protein intake with calculations of protein intake according to the Maroni formula, based on 24-hour urinary urea excretion, reliably reflecting protein intake (16, 17 All measurements were performed after an 8-to 12-hour overnight fasting period. BP (mmHg) was measured semi-automatically according to strict protocol as described previously (19). Measurements were performed every minute for 15 minutes, and the last three measurements were averaged. Renal function was assessed by the eGFR calculated by the Chronic Kidney Disease-Epidemiology Collaboration equation (20) . Serum creatinine was determined using a modified version of the Jaffé method (MEGA AU 510; Merck Diagnostica, Darmstadt, Germany). Blood was drawn in the morning after completion of the 24-hour urine collection. Concentrations of electrolytes and urea were measured using routine clinical laboratory methods, as were serum cholesterol, hemoglobin A1c, and N-terminal pro-brain natriuretic peptide (Nt-Pro-BNP) levels. Venous blood gas analyses were assessed photometrically. Acidosis was defined as serum [HCO ] < 24 mmol/L.
Information on medical history and medication use was obtained from patient records. Data on smoking behavior (current, former, never) were obtained with an additional questionnaire. Body mass index was calculated as weight divided by height squared (kg/m ), and body surface area was estimated by applying the universally adopted formula of DuBois (21).
Statistical Analyses
Data were analyzed using SPSS software, version 18.0 (SPSS Inc., Chicago, IL). Skewed data were logtransformed for analyses (i.e., albuminuria, proteinuria, parathyroid hormone, Nt-pro-BNP, triglycerides, http://www.ncbi.nlm.nih.gov/pmc/articles/PMC3488949/?report=printable cholesterol). Data are presented as mean ± SD unless stated otherwise. Patient characteristics were calculated across sex-stratified tertiles of NAE, controlled for body surface area. P for trend was obtained using medians as continuous variables in univariate linear regression analysis. For nominal and ordinal variables, we applied the chi-squared test and the Jonckheere-Terpstra test, respectively.
Linear regression was applied for the associations of NAE with acidosis and cardiovascular risk factors. Regression coefficients are given as standardized β values, referring to the number of SDs the dependent variable changes, per SD increase of NAE. Adjustments were made for age, body surface area, and sex (model 1); use of medication (proliferation inhibitors, calcineurin inhibitors, renin-angiotensin system inhibitors, sodium bicarbonate, and diuretics) (model 2); and eGFR (ml/min per 1.73 m ), time since transplantation (years), and smoking behavior (categories; model 3). To separate effects of low eGFR and metabolic acid load on acidosis in RTRs, we performed regression analyses for (1) the association between eGFR and acidosis and (2) the association between NAE and acidosis.
To identify dietary factors contributing to NAE, we calculated dietary intake across tertiles of NAE, controlling for BSA. A two-sided P value less than 0.05 was considered to represent a statistically significant difference.
Results
Patient Characteristics
Mean participant age was 53±13 years; 57% of participants were male. Body mass index was 26.7±4.8 kg/m , and 59.4% of RTRs were overweight (i.e., BMI≥25 kg/m ). Mean BP was 136±17 mmHg systolic and 83±11 mmHg diastolic; 91% of RTRs had hypertension (i.e., BP≥140/90 mmHg or use of antihypertensive medication). Of 707 RTRs, 637 (89%) used antihypertensive drugs; 198 (30%) used one, 231 (35%) used two, and 159 (24%) used three or more different antihypertensive drugs. Calcineurin and proliferation inhibitors were used in 57% and 83% of RTRs, respectively. Median prednisolone dose was 10 (interquartile range, 7.5-10.0) mg/d. Only 3 RTRs (0.4%) used sodium bicarbonate. Acidosis (i.e., serum HCO < 24 mmol/L) was present in 31% of RTRs, and about half of these patients had a systemic pH < 7.35 ( Figure 1 ). RTRs with acidosis had a significantly lower eGFR compared with nonacidotic RTRs (44±20 ml/min per 1.73 m versus 56±19 ml/min per 1.73 m , respectively; P<0.001).
Mean NAE was 40.7±18.1 mEq/d, ranging from 22.2±10.2 to 60.0±11.8 mEq/d across tertiles of NAE (  Table 1) . NAE was positively associated with eGFR; use of mycophenolate; serum chloride; and urinary excretion of ammonia, TA, phosphorus, and sulfate. NAE was inversely related to time since transplantation, use of azathioprine, serum and urine pH, and serum and urine bicarbonate. No significant differences were found regarding smoking behavior over tertiles of NAE.
NAE, Acidosis, and Cardiovascular Risk Profile
The associations between NAE, serum HCO , and various cardiovascular risk factors are shown in . Initially significant associations between NAE and serum albumin (inverse) and serum Nt-Pro-BNP (direct) disappeared after adjustment for eGFR, time since renal transplantation, and smoking behavior ( Table 2 ). NAE was not related to BP or insulin resistance ( Table 2) .
Dietary Factors and NAE
Both formulas estimating dietary acid load were positively correlated with NAE: r=0.42 (P<0.001) for the correlation between PRAL and NAE and r=0.32 (P<0.001) for the correlation between NEAP and NAE. Dietary intake across sex-stratified tertiles of NAE, controlled for body surface area, is shown in Table 3 . Across tertiles, NAE was positively associated with total protein, animal protein, phosphorus, and calcium (all P trend<0.05). Regarding food groups, NAE was directly related to cheese intake (P trend=0.001) and inversely related to fruit intake (P trend=0.05). Additional data on dietary factors and NAE are provided in Supplemental Table 1 .
Discussion
In this study, we examined the relation between diet and NAE (reflecting metabolic acid load). Additionally, we studied the association of NAE with acidosis and various cardiovascular risk factors in 707 RTRs. Acidosis was present in 31% of RTRs. NAE was positively associated with acidosis, whereas no associations were observed with insulin resistance and high BP. NAE was higher in patients with higher intake of animal protein, (presumably from cheese, meat, and fish) and calcium and was lower in patients with higher intakes of fruits and vegetables.
Strengths of our study include the large sample size and the novelty of our findings in this specific patient group. Furthermore, collection of 24-hour urine samples allowed direct measurement of NAE as a marker of metabolic acid load in addition to estimation of dietary acid load based on dietary recall (PRAL and NEAP). This enabled us to verify internal consistency of our data and made our conclusions more reliable. Limitations are the observational and cross-sectional study design, which does not allow for proving causality. However, although reverse causality should be considered, it seems unlikely that RTR with higher NAE would have adapted dietary habits because the extent of urinary acid excretion goes unnoticed. Second, NAE is a marker of the total amount of acids ingested, and therefore reflects both acidity of the diet and use of acidifying (or alkalinizing) drugs. Nevertheless, both PRAL and NEAP were significantly associated with NAE, which seems to validate NAE as marker of dietary acid load. Third, almost all RTR were white, which calls for prudence in extrapolation of our findings to patients of other 
adjust completely for the severity of each factor. Therefore, prospective cohort and intervention studies in RTRs are needed to confirm our results.
Previously, Ashurst et al. showed that CKD patients with persistent low serum bicarbonate levels had a larger annual decline in eGFR than patients with normal bicarbonate levels (22). In another study, they observed that CKD patients supplemented with sodium bicarbonate were less likely to develop ESRD. That finding is in line with findings of de Brito-Ashurst (23) and Phisitkul (24) and colleagues, who showed that treatment of metabolic acidosis with sodium citrate in patients with low GFR reduced progression of kidney disease. Interestingly, a recently published study showed that reduction of dietary aid by increasing intake of fruits and vegetables led to reduced kidney injury in patients with CKD stage 2, which is in line with our findings in RTRs (25).
Acidosis has long been recognized as a risk factor in RTRs, and several potential causes have been suggested (26-30). Well known contributors to acidosis are reduced nephron mass, resulting in decreased acid excretion, and use of pharmacologic agents, such as calcineurin inhibitors, that directly influence acid-base status but also play a significant role in renal acid handling. Thus far, no studies have been performed on the contribution of diet to acid-base status in RTRs, despite the vast body of evidence showing that food intake does affect acid-base balance in both the general population and CKD patients (8,10,25). We found protein intake to be directly associated with NAE in RTRs. This finding was confirmed by significant associations between urinary urea, phosphorus, and sulfate excretion, which all have been suggested as reliable markers of protein intake (31,32).
Although robust associations between NAE and acidosis in RTRs were observed, no direct associations were found between NAE and cardiovascular risk factors, which is in contrast with findings of previous studies (33-36). Differences in outcomes might be explained by differences in study populations because previous studies were done in healthy persons without use of medication. Because 16% and 88% of RTRs used antidiabetic and antihypertensive drugs, respectively, this might have interfered in the potentially existing associations between NAE and cardiovascular risk factors, such as insulin resistance and hypertension. Another explanation might be that potential adverse effects of acidosis on such variables as BP were not detected in this cross-sectional study because both measures were determined at the same time. However, long-term unfavorable effects of acidosis might become visible if prospective data are obtained.
If confirmed by prospective and intervention studies, our findings might have several implications for clinical practice. Because acidosis is highly prevalent among RTRs, venous blood gas analysis should be performed occasionally-it provides important information on acid-base status relatively easily. If acidosis is confirmed, attention should be paid not only to known risk factors such as graft function but also to dietary habits. Higher intake of fruits and vegetables or lower intake of animal protein should be advised. On the basis of our results, daily enrichment of the diet with 100 g of vegetables and 100 g of fruits, while eliminating 50 g of meat and 20 g of cheese, would decrease NAE by about 15 mEq/d. Accordingly, serum bicarbonate levels would increase by about 0.5 mmol/l. This increase might seem marginal; however, it would imply a reduction in the prevalence of acidosis of 5%, or 40 RTRs in our cohort achieving appropriate bicarbonate levels by simple dietary modification. http://www.ncbi.nlm.nih.gov/pmc/articles/PMC3488949/?report=printable
In conclusion, acidosis is highly prevalent in RTRs. In addition to conventional factors contributing to acidosis in RTRs, diet appeared to be associated with acid-base homeostasis. Modification of the diet by increasing fruit and vegetable intake and decreasing intake of animal protein might improve acid-base balance in RTRs.
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